Drought is the most important factor limiting rice productivity in the rainfed areas of Asia. In this study, 48 pyramiding lines (PLs) and their recurrent parent, IR64, were evaluated over two years for their yield performances and related traits under severe drought stress at the reproductive stage (RS), the vegetative stage (VS) and irrigated control in order to understand the relationship between drought tolerance (DT) and yield potential (YP) in rice and their underlying mechanisms. When compared with IR64, all PLs had significantly improved DT to RS and 36 PLs also had significantly improved DT to VS. In addition, 17 PLs had higher YP than IR64 and the remaining 31 PLs had a similar YP IR64 under irrigated conditions. Detailed characterization of the PLs revealed three possible mechanisms that functioned together to contribute to their improved DT. The most important mechanism was dehydration avoidance (DA), characterized by significantly higher growth rate and biomass of all PLs than IR64 under stress and no reduction in biomass under control conditions. The second mechanism was efficient partitioning, characterized by improved harvest index in all PLs compared with IR64, resulting primarily from heavier grain weight and/or higher spikelet fertility under control conditions, which was the major constituent of the improved YP in the 17 best performing PLs. Drought escape (DE) by accelerated heading under drought was the third mechanism that contributed to DT of the PLs to RS. The considerable variation in the measured traits among the PLs with similar levels of DT and YP implies the complex genetic control of the mechanisms for DT/YP and offers opportunities to improve DT and YP further by fine-tuning of a small number of QTLs segregating among the PLs using MAS. Finally, our results indicate that selection for yield plus some secondary traits under appropriate type(s) of stress and nonstress conditions similar to the target environments are critically important for improving both DT and YP in rice.
Introduction
The rainfed areas occupy about 30% of the total world rice growing areas where high yielding semi-dwarf rice varieties are not widely grown because of their poor adaptability to the more stressful rainfed conditions (Pandey et al., 2000) . Among the abiotic stresses in the rainfed systems, drought is the most important factor limiting rice productivity Ali et al., 2008; Venuprasad et al., 2008) . Rice is particularly sensitive to drought stress and even mild drought stress can result in significant yield reduction in rice (O'Toole, 1982; Centritto et al., 2009) . As the global climate changes (particularly the warming temperature) continue, water shortage and drought have become an increasingly serious constraint limiting rice production worldwide (Wassmann et al, 2009a, b) . Development and adoption of highyielding and drought-tolerant rice varieties is one of the best solutions for improving crop productivity in rainfed environments.
In breeding for improved drought tolerance (DT) in rice, indirect selection for secondary traits was used in several cases with little success because of a lack of effective selection criteria Bernier et al., 2008; Serraj et al., 2009 ) and the poor correlation of secondary traits with grain yield under stress (Atlin and Lafitte, 2002) . Recently, direct selection for grain yield under stress in F 2 populations (Atlin and Lafitte, 2002; Yin et al., 2003; Atlin et al., 2004) and backcross breeding populations have been shown to be promising for improving DT of rice (Lafitte et al., 2006; Li and Xu, 2007; He et al., 2009) . However, selection for grain yield under stress can be difficult under specific environmental scenarios because rice plants may have different strategies (mechanisms) to respond to different types of drought stress Kamoshita et al., 2008; Serraj et al., 2009) . For example, plant responses to drought at the vegetative stage are different from their responses to drought at the reproductive stage (Kamoshita et al., 2008) . Also, DT mechanism(s) effective in one type of drought scenario may not be so in another. Based on specific scenario(s) of plant adaptation to the prevailing water supply, it has been proposed that yield potential (YP) should be selected under favourable conditions, drought escape (e.g. accelerated flowering) for terminal stress, and drought avoidance for intermittent stress (Pantuwan et al., 1997; Blum, 2005) . In practice, breeders need to balance different selection criteria to reflect each drought type in the target population of different environments, and to determine more precisely which rice lines should be retained in the selection process in each environment (Serraj et al., 2010) .
High YP is the most important target trait for almost all breeding programmes (Peng et al., 2008) . Continuous selection for high YP under favourable conditions over recent decades has resulted, in some cases, in higher yields under less favourable conditions in major cereals, suggesting a positive relationship between YP and DT (Austin et al., 1980; Castleberry et al., 1984; Russell, 1991) . However, the opposite may not necessarily be true, at least in cereals. According to Blum (1988 Blum ( , 2005 , direct selection for yield under stress tends to result, in some cases, in a dehydration-avoidance plant type which has either reduced biomass (early flowering, smaller plant size, small leaf area, or limited tillering) or a better ability to maintain plant water status under drought stress. The former type implies a negative association between DT and YP, which appears to be supported by some empirical observations in rice. For instance, it is known that most tall upland landraces have a good level of DT but perform poorly under the well-irrigated lowland conditions , while most high-yielding semi-dwarf lowland varieties are not adaptable to the aerobic conditions of the rainfed uplands. Thus, an important question remains unclear regarding the possibility of improving simultaneously both YP and DT of semi-dwarf rice cultivars, and if so, how to achieve this challenging goal.
In this paper, an attempt was made to investigate these questions by characterizing a set of rice pyramiding lines (PLs) developed through a unique breeding strategydesigned QTL pyramiding (Li and Xu, 2007) . Our results shed some interesting light on some underlying mechanisms of DT and its relationship with high YP in rice.
Materials and methods

Development of the plant materials
The materials used in this study included 48 pyramiding lines (PLs) in the IR64 genetic background, developed by two rounds of QTL pyramiding, as described in Fig. 1 . Briefly, a backcross (BC) breeding programme was initiated in 1998 to cross an elite indica recipient line, IR64, with four donors, Binam (japonica) from Iran, and three indica varieties, Shwe Thwe Yin Hyv (STYH) from Myanmar, BR24 from Bangladesh, and OM1723 from Vietnam. The four BC 2 F 2 populations (1664 plants) were screened under severe reproductive stage stress (RS) in the 2001 dry season (DS), resulting in 150 selected plants. After being progeny-tested under stress and non-stress conditions, six promising BC 2 F 4 introgression lines (ILs) that were phenotypically similar to IR64, but with significantly improved DT, were identified and used as parents to make three pyramiding crosses (first round). The four first round pyramiding F 2 populations (756 plants) were then subjected to very severe RS drought in the 2003 DS, from which 200 F 2 plants were selected. After being progeny-tested in replicated experiments under stress and non-stress conditions, five F 4 lines were selected based on their yield performances under both stress and non-stress conditions and used as the parents to make four second round-pyramiding crosses. The four second round pyramiding F 2 populations were again subjected to severe RS in the 2005 dry season, from which 285 high yielding plants were selected. The resultant 285 F 3 lines were further evaluated under RS and non-stress conditions in the 2006 DS and 2006 WS. On the basis of their yield performances, 48 superior F 5 pyramiding lines (PLs) and the recipient parent, IR64, were identified and used as the materials in this study (Table 1) .
Phenotyping experiments
The 48 PLs and IR64 were evaluated under two types of lowland drought stress and irrigated conditions at the experiment station of the International Rice Research Institute (IRRI), Los Bañ os, Philippines during the 2007 and 2008 DS. An alpha-lattice design was used with three replications for each line under each treatment. In the 2007 DS, seeds of the materials to be tested were sown in the seedling bed on 2 January, and 31-d-old seedlings of each PL were transplanted into a 3-row plot of 331 m 2 at a spacing of 10325 cm between hills and rows on 2 February. Fertilizer was applied as a rate of 40 kg N, P, and K ha À1 as a basal treatment, followed by a topdressing of 60 kg ha À1 in every water applications. Weed and insect controls were applied normally during the entire season as soon as the seedlings were established. For the stress treatment of the 2007 RS, the field was drained and irrigation was withheld around the panicle initiation (PI) stage or 44 d after transplanting and maintained until crop maturity (terminal drought). During the period of stress, the total rainfall and evaporation recorded were about 47.4 mm and 321.1 mm, respectively. For the irrigated control, the field was covered with a layer of shallow water for the whole period of growth until 7 d before harvesting.
In the 2008 DS, seeds of the materials to be tested were sown on 22 December and transplanted into the field on 22 January. The same field arrangements and experimental design as the 2007 DS were used. In this season, three water treatments were used, including the irrigated control and two types of drought stress at the vegetative (VS) and reproductive stages (RS). For VS, irrigation water was withheld on 12 February, or 21 d after transplanting and maintained until 8 March when irrigation was resumed around the PI stage. For RS, the field was drained and irrigation was withheld on 8 March at the PI or 45 d after transplanting and flush-watered briefly for 1 d before harvesting.
The total rainfall and evaporation were about 30.3 mm and 166.3 mm during the VS, and 21.3 mm and 350.8 mm during the RS of the 2008 DS, respectively. In both seasons, volumetric soil moisture was monitored during the periods of drought stress, at 10 cm increments to a depth of 70 cm with Diviner-2000 (Sentek Sensor Technologies, Stepney SA, Australia). According to the 2-year weather and soil moisture data determined, RS in the 2007 DS was considered moderate, and VS and RS in the 2008 DS were more severe. In the 2007 DS experiments, each plot was recorded for heading date (HD) when 50% of the plants in the plot were headed according to the IRRI standard evaluation system. At maturity, six uniform plants of 0.3 m 2 in each plot were measured for plant height (PH) and sampled by cutting the plants from the bottom (right above the soil surface). The plants sampled from each plot were put into a paper bag and were then oven-dried at 75°C for 3 d. The dried samples were then measured for total grain yield (GY) and its components, including biomass, 1000-grain weight (GW), and spikelet fertility (SF). In the 2008 DS experiments, in addition to the above five traits, six more traits were measured, including total panicle number (PN), fertile panicle number (FPN, panicles with 1 or more filled grains), total spikelet number (TSN), and total filled grain number (FGN).
Data analysis
Analysis of variance (ANOVA) was used to compare the differences among different PLs (including the check, IR64), among the water treatments, the water treatments by PLs interaction across both 2007 and 2008 DS using the mean values of all measured traits from each plot as the input data and the SAS PROC GLM (SAS Institute, 1999) .
Results
Effects of drought-stress treatments on yield components
ANOVA results (Table 2) indicate that for the five traits measured (GY, GW, SF, HD, and PH) in both 2007 and Fig. 1 . The BC breeding and intercross procedure by designed QTL pyramiding for developing drought-tolerant (DT) introgression lines (ILs) and pyramiding lines (PLs) using IR64 (the recipient) and four donors (BR24, Binam, STYH, and OM1723; Table 1 ). The two types of drought stress for screening the BC1 populations included the lowland drought at the reproductive stage and the chronic drought under the upland conditions .
2008 DS, the differences among water treatments were highly significant and explained the most (74.1%) variation for all measured traits, ranging from 63.3% for HD to 83.6% for GW. On average, the 2007 RS caused an average yield reduction by 3.18 t ha À1 (56.2%), and associated reductions in PH by 23.6 cm (24.6%), GW by 4.27 g (16.0%), and SF by 43.6% (54.4%), but no change in HD across all tested lines, as compared to the irrigated control (Table 3) . Similarly, the a The codes, I-IV represent the final four second round pyramiding crosses in the crossing design (Fig. 1) The differences among the PLs and treatment3PLs interaction were also highly significant and explained, on average, 4.04% (ranging from 0.25% for GW to 11.52% for HD) and 6.3% (ranging from 0.54% for GW to 9.7% for SF) of the total trait variation, respectively (Table 2) . For the 11 traits measured in the 2008 DS only, the differences among the water treatments were highly significant and explained the majority (62.4%) of the trait variation, ranging from 29.9% for PN to 89.5% for FGN. The differences among PLs were highly significant and explained, on average, 8.8% (ranging from 2.2% for FGN to 27.3% for HD). The treatment3PLs interaction was significant for all traits except for GY, biomass, GW, and HI, and explained an average of 9.2% (ranging from 2.86% for PH to 24.6% for PN) of the total variation.
The performances of the tested lines in response to drought stresses
The check, IR64 produced an average yield of 4.68 t ha À1 under the irrigated conditions, but was extremely sensitive to both RS and VS (Table 4) Improving drought tolerance and yield potential | 4149
Based on their yield differences from IR64 under the three water treatments, the 48 PLs could be clustered into four types based on their differences (ANOVA) from IR64 in yield under stress and non-stress conditions ( Fig. 2 ; Table  4 ). Type I consisted of 17 best PLs that had significantly higher yields than IR64 under all three water treatments.
Their significantly improved YP over IR64 by 1.07 t ha À1 (22.9%) under control conditions was associated with an average of 1.75 g (7.3%) increased GW, 2.2 d (-2.5%) earlier heading, 4.2 cm (-4.4%) reduced height, 2.7% (3.4%) increased SF, and 0.06 (13.7%) increased HI. Compared with IR64, their significantly improved DT to RS by Table 3 . ANOVA results on the differences of 48 PLs and IR64 (check) for 11 traits, grain yield (GY, t ha À1 ) and its related traits, 1000-grain weight (GW, g), heading date (HD, d), plant height (PH, cm), spikelet fertility (SF, %), biomass (t ha À1 ), panicle number a Mean is the mean trait values of the population (all tested materials) and R 2 is the proportion of the among line variation over the total phenotypic variation. (Table 5) .
Type II had only five PLs that had significantly higher yields than IR64 under control and RS, but the same yield as IR64 under VS (Table 4) . Their increased YP by 1.01 t ha À1 (21.6%) over IR64 was accompanied by an average of 1.2 g (5.0%) increased GW, 3.0 d (-3.3%) earlier heading, 3.1 cm (-3.4%) reduced height, 3.4% (4.3%) increased SF, and 0.06 (13.3%) increased HI. Compared with IR64, their significantly improved DT to RS by 1.4 6 t ha À1 (381.1%) resulted from an average of 3.6 g (20.1%) increased GW, Type IV contained seven PLs that had significantly higher yield than IR64 under RS but performed similarly to IR64 under control and VS (Table 4) . Under control conditions, these PLs differed from IR64 with 2.5 g heavier GW, 2. 
Discussion
Important traits contributing to yield under drought stress and non-stress conditions IR64 is a mega-variety that has been widely grown in many South and South-east Asian countries because of its wide adaptability and excellent grain quality, but has lost its popularity recently because of its moderate YP and high susceptibility to abiotic stresses such as drought (Venuprasad et al., 2008) , problem soils, and submergence in most rainfed areas (Septiningsih et al., 2009) . The PLs characterized in this study share much the same genetic background as IR64 and are phenotypically similar to IR64 but with significantly improved DT and/or YP. Thus, direct comparison between the PLs with IR64 for yield performances and related traits under drought stress and non-stress conditions provided valuable information regarding the traits and underlying mechanisms contributing to the improved DT and/or YP in rice.
The most important mechanism contributing to DT of the PLs was inferred to be dehydration avoidance (DA), characterized by their significantly higher biomass than IR64 under stress, particularly under VS. This mechanism was reflected by the PLs' better abilities to maintain a high growth rate under stress (less reduced PH, PN, and FPN under VS and by their unchanged or even increased YP).
According to Blum (2005) , two types of DA exist in plants. The first type is a small plant type that can maintain a high plant water status under stress because it uses less water. Type III, particular type IV PLs, behaved more like this type as they had a smaller biomass than IR64 under control conditions. Interestingly, their small biomass was compensated by higher HI, resulting in no net loss in YP. DA may occur in certain plants that can maintain a high water status by losing less water and/or the ability to absorb more water from soil. Types I and II PLs apparently had this type of DA as they showed no reduction in biomass compared with IR64 under control conditions, even though they were slightly shorter. This mechanism contributed to a great extent to DT to RS by improving SF and SW (grain filling) and provided a good explanation for the positive correlation between DT to VS and DT to VS observed in most (types I-III) PLs. In agreement with this, the conclusion emerging from long-term multi-location drought studies in Asia is that rainfed lowland rice is mostly a drought avoider, with the genotypes that produce higher grain yield under drought being those that are able to maintain better plant water status around flowering and grain setting (Fukai et al., 2009) .
The second inferred mechanism that contributed to DT and YP was 'efficient partitioning', characterized by higher HI in all PLs as compared with IR64. This improved HI resulted primarily from higher GW and/or SF and partially from early heading and shorter plants under control conditions, and thus was the major constituent of the improved YP in the 17 type-I PLs. This mechanism had obviously contributed to DT of many PLs to RS and their YP, even though their high HI under RS resulted primarily from much improved DA discussed above. This was consistent with previous reports that the maintenance or improvement of HI is of critical importance for DT (grain yield) under terminal drought stress (Edmeades et al., 1999; Heuer and Nadler, 2000; Fischer et al., 2003; Laffite et al., 2003; White and Wilson, 2006; Monneveux et al., 2008) . The increase in HI under drought was most probably associated with a higher remobilization of assimilates to fill ) and related traits, 1000-grain weight (GW, g), heading date (HD, d), plant height (PH, cm) and spikelet fertility (SF, %), biomass (t ha the grains. Previous studies showed that the contribution of dry matter partitioning from stems and leaves to grain filling increased with the severity of drought stress (Kumar et al., 2006) . Furthermore, we think that this enhanced portioning mechanism provides, at least, part of the explanation for the correlation between YP and DT under mild stress observed in several crops (Ceccarelli, 1987; Edmeades et al., 1999; Fischer and Fukai, 2003; Atlin et al., 2004; Pathan et al., 2004; Basnayake et al., 2006; Venuprasad et al., 2007; Kumar et al., 2008) . Drought escape (DE), or significantly accelerated heading under drought, was the third mechanism that contributed to DT of the PLs to RS. Our results showed that, compared with a few days of delayed heading of IR64 under stress, all PLs showed 3-4 d of accelerated heading under RS. This was at least partly responsible for the improved SF and GW (thus HI) of most PLs under RS because even a few days of early flowering would allow plants to escape critical severe stress at the reproductive stage. This type of DE by accelerated heading was reportedly able to contribute to yield under stress, particularly the terminal stress in rice (Pantuwan et al., 1997; Xu et al., 2005) . This DE by drought-induced accelerated heading in the PLs was much more pronounced under VS than under RS, suggesting the genes underlying DE in the PLs were expressed at the early stage. However, whether DE can contribute to DT (yield under stress) is difficult to assess and depends on specific drought scenarios in real situations. For example, 8-10 d accelerated heading under VS of this study actually put most PLs under more severe RS before the irrigation was restored while the delayed heading of IR64 allowed it to escape completely from stress at the more vulnerable PI stage, providing an adequate explanation for the much reduced differences between PLs and IR64 in yield and components under VS (Table 4 ) and at least partial explanation for the inconsistency between DT to VS and DT to RS in some of the PLs.
It is important to point out that the three mechanisms discussed above appeared to function together and affected the same suite of DT-related traits in the PLs, although their contributions to specific DT traits in different PLs appeared to vary considerably depending on specific scenarios of drought stress. This result implies that selection for DT (yield under stress) and/or for specific secondary traits related to DT may not necessarily guarantee that the selected lines will have the same DT mechanism(s), even genetic variation for different mechanisms is present in the breeding populations.
Implications in breeding for improving DT
First, our classification of these PLs into four different types based on their yield performances under the stress and the control was somewhat arbitrary because the differences among the PLs for all measured traits, including yield, were quantitative rather than qualitative. This result suggests that the DT mechanisms and related traits discussed above are all under complex genetic control. In other words, the same breeding goal for improving both DT and YP can be achieved by different trait/gene combinations. For instance, the two best PLs (nos 29 and 30) derived from the same second round pyramiding cross had the best and similarly high yields under all three water treatments, but they differed significantly in PH, SF, and TSN under stress, and in HI under control and VS (Table 5) . This was true for most PLs within each type as considerable amounts of variation for all measured traits were present among different PLs. Because these PLs are known to differ in a small number of DT QTLs (data not shown), opportunities exist to improve DT and/or YP further by fine-tuning of QTLs/genes underlying these trait differences between or among the PLs using MAS.
Second, the presence of highly significant genotype3stress treatment interaction and the comparatively better levels of DT to RS than DT to VS in most PLs suggest that, for improving both DT and YP, selection should be performed under the type(s) of stress similar to the target environment. In our case, selection for yield was practised under RS because RS is known to have a much greater effect on the grain yield of rice (Kamoshita et al., 2008; Serraj et al., 2009) . Consistent with previous reports (Ekanayake et al., 1990; Ouk et al., 2006; Kamoshita et al., 2008; Mostajeran and Rahimi-Eichi, 2009 ). VS applied in this study had greater effects on shoot size (source supply) traits (HD, PH, PN, FPN, and biomass), whereas RS more severely affected traits related to sink size and partitioning (SF, TSN, TGN, and GW). Thus, a severe RS would be preferable for screening breeding populations targeting the rainfed lowland environment(s) where terminal drought tends to be more frequent. While for the target rainfed upland environment, both severe VS and RS are required to screen segregating breeding populations. This is because different types of stress expose genetic variation underlying different DT mechanism(s) under selection and result in genetic gains for improved HI and DT. More importantly, plants with improved DT selected from the stress environment should be progeny-tested for the selection of yield under non-stress conditions, which was practised in our breeding process and proved to be effective in improving HI (partitioning) and DE of rice. Thus, although selection under stress may not adversely affect YP (Venuprasad et al., 2008) , additional selection(s) for YP under favourable conditions would tremendously increase the frequency of progeny with improved DT and YP in rice, as also reported in maize (Edmeades et al., 1999) .
Third, our results suggest that selection for secondary traits related to DT may not be as effective as selection for yield to improve DT since, as discussed above, the same secondary traits may be affected by different DT mechanisms. But, progress using yield plus specific secondary trait combination(s) would certainly be greater than that made using yield-based selection alone. In practice, this requires additional effort to obtain accurate data on the secondary traits, which can be done more easily for those secondary traits by visual selection at the early generations or those phenotyped more accurately in later generations when the number of promising progeny is small . In our cases, high selection intensity under severe stress effectively eliminated most non-DT progeny in our early BC and first round pyramiding F 2 progeny (Lafitte et al., 2006 He et al., 2009; ZK Li et al. unpublished results) . More generally, visual selection for a large sink size (more panicles, large grains, and more fertile grains per panicle) under favourable conditions, or for appropriate HD with large biomass (seedling vigour and tiller number) under VS and for fertility and grain filling under RS are expected to work well for the early segregation of breeding populations, depending on specific scenarios of the type and severity of stress (Lopez-Castaneda and Richards, 1994; Martin et al., 1999; Blum, 2004) .
Conclusions
In conclusion, our study demonstrated that all 48 PLs had significantly improved DT and/or YP under non-stress conditions. In addition, 17 PLs had higher YP than IR64 and the remaining 31 PLs had similar YP as IR64 under the irrigated control. The performances of the PLs for the measured traits under VS, RS, and control revealed three possible mechanisms that function together to contribute to their improved DT and/or YP. The most important mechanism was drought avoidance (DA) characterized by significantly higher biomass and HI of the PLs than IR64 under stress. Because most PLs did not show any reduction in biomass under control conditions, this type of DA resulted most likely from improved dehydration avoidance and/or better ability to extract soil water . This is also consistent with recent evidence emerging from long-term multi-location studies across South-east Asia (Fukai et al., 2009) . The second possible mechanism was efficient partitioning characterized by higher HI in all PLs than IR64. This improved HI resulted primarily from higher GW and/or SF under control conditions and was the major constituent of the improved YP in the 17 PLs. Drought escape (DE) by accelerated heading under drought was the third putative mechanism that contributed to the improved SF and GW (thus HI) of the PLs under drought stress. The considerable variation in the measured traits among the PLs with similar levels of DT and YP indicates the complex genetic control of the measured traits and underlying physiological mechanisms for DT/YP and offers opportunities to improve DT/YP further by the fine-tuning of QTLs/genes differentiating the PLs using MAS. Finally, our results indicate that selection for yield plus some secondary traits under appropriately managed stress and non-stress conditions similar to the target environments are critically important for improving DT without any yield penalties in rice.
